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Abstract

This study aims to research the adsorption of Nd+3, Tb+3, and Dy+3 from aqueous media onto the
calcium

Jo

magnetic

alginate/carboxymethyl

chitosan/Ni0.2Zn0.2Fe2.6O4

(CA/CMC/Ni0.2Zn0.2Fe2.6O4) bionanocomposite in a single system. FE-SEM, FT-IR, EDX, VSM,
and TGA were applied to characterize the product. The VSM result showed the saturation
magnetization values of 45.87 and 14.14 emu/g for the bare Ni0.2Zn0.2Fe2.6O4 nanoparticles and
CA/CMC/Ni0.2Zn0.2Fe2.6O4, respectively. The adsorption results showed that at optimum
conditions of contact time of 40 min, pH of 5.5, and 0.8 g/L, the adsorption efficiency of the
adsorbent for Nd+3, Tb+3, and Dy+3 was 97.75, 96.83, and 97.85 %, respectively. The ions
adsorption kinetic onto the CA/CMC/Ni0.2Zn0.2Fe2.6O4 was in accordance with pseudo-second1
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order (PSO) model. The evaluation of equilibrium data was performed by the isotherm models of
Langmuir and Freundlich. Fitting the experimental data of Tb+3 and Dy+3 was done better with
Freunlich model than Langmuir model, while fitting tests for Nd+3 adsorption data showed better
coverage using Langmuir model with a maximum adsorption capacity of 73.37 mg/g. The results
of the parameters of thermodynamic showed the endothermic and spontaneous properties of the
process. Additionally, the efficacy of the adsorbent was studied using 0.2 M HNO3 in four
cycles.

Overall,

the

obtained

results

demonstrated

of

adsorptions–desorption

that

the

ro

environmentally friendly magnetic bionanocomposite adsorbent can be applied effectively for

-p

Nd+3, Tb+3, and Dy+3 adsorption with favorable adsorption efficiency.

re

Keywords: Carboxymethyl chitosan; Calcium alginate; Ni0.2Zn0.2Fe2.6O4; Adsorption; Rare earth
elements

lP

1. Introduction

na

Rare earth elements (REEs) are getting impressive considerations and progressively
requested in innovative industries in view of their novel properties [1]. As of late, they have been

ur

discovered broad demands in batteries, electronics, and chemical engineering [2,3]. Because of

Jo

enormous and expanding local requests, China reduced its amount of REEs send out from 50145
tons in 2009 to just 31130 tons in 2012. These fare quantities may create difficult issues for REE
applicants outside of China, as proved by the crisis of REEs in 2011, recording high costs of
these elements [4]. This circumstance has additionally animated many nations, for example,
Japan and most EU Member States that don't have any sort of essential REEs stores on their
region to search for option and auxiliary resources of REEs and to extend their own REEs
industry so as to get a wellspring of REEs, especially heavy REEs [5]. In this manner, a
productive method is expected to overcome all difficult issues with respect to REEs.

2
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The conventional methodologies applied for REEs recovery are chemical precipitation,
membrane separation, ion-exchange, reverse osmosis, extraction, and adsorption [6-8]. However,
each method has its advantages and disadvantages. For instance, chemical precipitation has the
advantage of low-cost and simple operation, but large amounts of chemical products are
produced, resulting in landfill problems [9]. Membrane separation method has the advantages of
high separation efficiency for heavy metal ions, yet low economic feasibility and high

of

maintenance cost restrict its application on a large scale. Adsorption technology, which is easy to

ro

perform, highly effective, and low-cost, is considered as a fast and relatively inexpensive

-p

approach for metal ions adsorption [10]. Adsorption of REEs has been investigated by some

re

materials such as biosorbents [11-13], carbon [14,15], silica other inorganic [16, 17,18], and
polymeric materials [19,20].

lP

Alginate, as a valuable natural polymer, has pulled in extreme consideration. It is an

na

ordinary polysaccharide that is made up of the residues of mannuronic (M) and guluronic (G)
acid (linear copolymer of β-D-mannuronic acid and α-L-guluronic acid units with (1-4) linkages)

ur

[21]. This environmentally friendly polymer has highlights of cheapness, plentiful sources,

Jo

biocompatibility, and hydrophilicity. More often than not, industrially accessible alginates are
extraction of brown algae cell wall [22]. It has been broadly utilized in immobilization studies
owing to easy preparation, hydrophilicity and efficient adsorption of target contaminations.
Chitosan (CS) as a natural polysaccharide is generally made using the deacetylation of
chitin. Its derivatives can be generated by the functional groups' modification, for instance,
reactive hydroxyl, amino, and N-acetyl groups [23]. Carboxymethyl chitosan (CMC) is
considered as the most significant derivatives amongst others. It is the result of the carboxylation
of chitosan that has carboxymethyl substituents on amino and hydroxyl groups of the

3
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glucosamine units [24]. Because of having special characteristics such as nontoxicity,
hydrophilicity, biodegradability, environmentally friendly, and metal-chelating capacity, it is
viewed as a potential candidate for bioadsorption. Nevertheless, it couldn't be used for the
recovery of ions because of being water-dissolvable and having weak chemical stability [25]. So
as to defeat this issue, modification of CMC by other biopolymers such as alginate and inorganic
nanoparticles can be regarded as one of the best techniques to increase its hydrolysis resistance.

of

The purpose of this study was to synthesize the Ni0.2Zn0.2Fe2.6O4 magnetic nanoparticles

ro

by the hydrothermal technique and using the synthesized nanoparticles for the synthesis of a

-p

bionanocomposite in gelation process of sodium alginate and carboxymethyl chitosan

re

biopolymers in a medium of CaCl2 and glutaraldehyde. After characterizing the product with
various techniques including FE-SEM, EDX, XRD, FT-IR, and VSM, it was used as an

lP

adsorbent to investigate the adsorption efficiency of Nd+3, Tb+3, and Dy+3 depending on

na

adsorbent dosage, pH, contact time, initial metal ion concentration by performing a series of
batch experiments. Various kinetic and isotherm models were tested for fitting the experimental

adsorption

process.

To

the

best

of

our

knowledge,

the

utilization

of

the

Jo

of

ur

data. Thermodynamic parameters (ΔS°, ΔG°, and ΔH °) were also evaluated to find the property

CA/CMC/Ni0.2Zn0.2Fe2.6O4 has not been studied for Nd+3, Tb+3, and Dy+3 adsorption.
2. Materials and methods
2.1. Materials and reagents
Carboxymethyl chitosan and sodium alginate were purchased from Nantong Chem-Base Co,
China,

and

PanReac

AppliChem,

respectively.

Nd(NO3)3.6H2O,

Tb(NO3)3·6H2O,

Dy(NO3).5H2O, Zn(NO3)2, Fe(NO3)3.6H2O, Ni(NO3)2·6H2O, and glutaraldehyde were bought
from Sigma-Aldrich. Since the analytical grade of all chemicals was chosen, they were utilized

4
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without further puriﬁcation. The experiment solutions of Nd+3, Tb+3, and Dy+3 were prepared by
dilution of 1000 mg/L of ions. The values of pH were regulated via adding a suitable amount of
0.1 M sodium hydroxide or nitric acid solutions and monitored by a pH meter.
2.2. Instrumentation and characterization
FT-IR spectra were recorded on a PerkinElmer, USA, by KBr pellet. XRD pattern was recorded
by a GBC MMA instrument with CuKα radiation in the 2θ range of 10–70⁰ . A FE-SEM (Zeiss

of

Neon-40, Germany) was also utilized for characterizing the products morphology. The magnetic

ro

properties of the products were explored at the room temperature (RT) by employing a VSM

-p

(Daghigh Kavir Corporation, Iran). TGA was done on a Mettler TGA/SDTA 851e/LF/1100
thermobalance. The temperature of the sample was increased from RT to 1000 ⁰ C (rate=10
C/min) under constant nitrogen flow. For analyzing Nd+3, Tb+3, and Dy+3 concentration, an

re

⁰

lP

Agilent 4100 MP-AES Spectrometer was used.

na

2.3. Synthesis of the Ni0.2Zn0.2Fe2.6O4 magnetic nanoparticles
The Ni0.2Zn0.2Fe2.6O4 magnetic nanoparticles were synthesized by the hydrothermal method. A

ur

mixed solution of 0.2 M Ni2+, 0.2 M Zn2+ and 2.6 M Fe3+ was prepared in HCl solution, and then

Jo

NaOH solution was introduced under nitrogen gas and the value of the pH of the mixture was
regulated to 10.5. To this mixture, 0.3 g of CTAB was added, and then it was placed into an
autoclave (Teflon-lined stainless steel) at 200 ⁰ C of an oven for 8 h for hydrothermal treatment.
In the following, the temperature of the autoclave was naturally decreased to RT. The precipitate
was then collected and washed with deionized water (DW) several times to reach pH=7. Finally,
the obtained particles were dried at 50 °C.
2.4. Synthesis of the CA/CMC/Ni0.2Zn0.2Fe2.6O4 magnetic bionanocomposite

5
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The synthesis procedure of the CA/CMC/Ni0.2Zn0.2Fe2.6O4 was as follows: Sodium alginate (1 g)
was dissolved in 80 mL of DW at RT by a laboratory stirrer. 0.50 g of the carboxymethyl
chitosan was introduced into the solution and homogeneously mixed. 0.7 g of the
Ni0.2Zn0.2Fe2.6O4 was added to the mixture of the biopolymers. To obtain a homogeneous blend
solution, the mixture of biopolymers and magnetic particles was stirred at the RT for 24 h. In the
following, it was added into the solution of calcium chloride 0.05 M and 2 % glutaraldehyde for

of

gelation process. After the completion of gelation process, an external magnetic field was

ro

utilized for the separation of the resulting bionanocomposite, and then it was washed using DW

-p

several times to eliminate any remaining calcium chloride and glutaraldehyde until the pH of the
solution reached 7. The washed CA/CMC/Ni0.2Zn0.2Fe2.6O4 bionanocomposite was dried at 50

re

°

C. Finally, it was powdered.

lP

2.5. Batch adsorption and reusability studies

na

The stock solutions of metal ions were prepared by dissolving Tb(NO3)3·6H2O, Nd(NO3)3.6H2O,
and Dy(NO3).5H2O separately in DW to achieve 1000 mg/L of each ion, and all the experiment

ur

solutions containing 50 mL of single ion prepared by dilution of each stock solution to the

Jo

required concentration were agitated at 180 rpm by a laboratory shaker. Equal concentration of
the ions was applied in single batch adsorption studies. For studying the influences of pH and
adsorbent dosage on the ions adsorption efficiency, batch adsorption experiments were
performed in the pH range of 1.5-5.5 and dosage range of 0.01-0.06 g, respectively. For the
kinetic evaluation, the adsorbent was added into the solutions with 30 mg/L initial concentration,
and the tests were performed at different contact time (2.5-70 min). Initial metal concentration in
the range of 30-300 mg/L at the optimum time was used to investigate the isotherm of the
adsorption. The effect of ionic strength was studied with NaNO3 solution at various

6
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concentrations of 0.02, 0.04, 0.06, 0.08, and 0.1 M. To evaluate thermodynamic parameters, the
experiments were carried out at three various temperatures of 25, 35 and 45 °C at a constant
initial concentration of 90 mg/L. The ions concentration in the solution was measured by an
Agilent 4100 MP-AES Spectrometer. The adsorption efficiency (%) and capacity of metal
adsorption by the CA/CMC/Ni0.2Zn0.2Fe2.6O4 were computed using the equations in the
following:
(1)

of

Adsorption efficiency (%) = (C0- Ce)/Co × 100

(2)

ro

qe = (C0- Ce) × V/m

(3)

-p

qt = (C0- Ct) × V/m

re

Where the qe and qt (mg/g) refer to the quantities of metal ion adsorbed at equilibrium and
adsorption time t in min, respectively. C0 and Ce show the initial and equilibrium concentrations

lP

of metal ion in mg/L, respectively. Ct refers to the concentration of a metal ion in solution at time

na

t (min). Moreover, m refers to the adsorbent weight (g), and V refers to the solution volume in L.
To investigate the reusability of the CA/CMC/Ni0.2Zn0.2Fe2.6O4, a given amount of the

ur

adsorbent was treated with 50 mL of 30 mg/L metal solution at pH of 5.5 by a shaker at speed of

Jo

180 rpm to obtain the exhausted adsorbent. The ions-loaded adsorbent was separated with an
external magnetic field, washed by DW to eliminate the un-adsorbed ions and then agitated for 2
h

by

50

mL

HNO3

(0.2

M)

eluent

solution.

Subsequently,

the

regenerated

CA/CMC/Ni0.2Zn0.2Fe2.6O4 was separated and washed several times with DW until the solution
pH reached 7. The regenerated adsorbent was applied in four cycles of adsorption with the same
regeneration procedure.
3. Results and discussion
3.1. Analyses of the products

7
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Fig. 1 indicates the XRD pattern of the Ni0.2Zn0.2Fe2.6O4. The peaks at 2θ = 18.13°, 30.07°,
35.50°, 37.08°, 43.07°, 53.95°, 56.96°, and 63.89° are in agreement with the standard pattern of
nickel zinc ferrite (JCPDS 08-0234) [26]. Full Width at Half Maximum (FWHM) of the
strongest reflection of the XRD pattern was utilized to estimate the average crystal size based on
the Scherrer equation as following [27]:
D = kλ/β cos θ

(4)

of

Where k shows the shape function, 0.89, λ refers to the X-ray radiation wavelength, β refers to

ro

the FWHM at 2θ=35.50°, and θ shows the diffraction angle. Based on the equation of Scherrer,

-p

the calculated value of D was 27.68 nm.

re

The Ni0.2Zn0.2Fe2.6O4 FE-SEM image in Fig. 2A indicates that the synthesized particles are
nearly spherical in shape and homogenous in distribution with a diameter of less than 100 nm.

with

the

CA/CMC

that

na

embedding

lP

Fig. 2B shows the distribution of the magnetic nanoparticles on the surface of the CA/CMC or
confirms

the

successful

CA,

CMC,

synthesis

of

the

Ni0.2Zn0.2Fe2.6O4,

and

CA/CMC/Ni0.2Zn0.2Fe2.6O4 magnetic bionanocomposite.
3

indicates

the

FT-IR

ur

Fig.

spectra

of

Jo

CA/CMC/Ni0.2Zn0.2Fe2.6O4. The FT-IR spectra of CA and CMC respectively in Figs. 3A and 3B
show O-H stretching vibration at 3389 (CA) and 3436 (CMC) cm-1, carboxylic groups
asymmetrical stretching at 1622 (CA) and 1631 (CMC) cm-1, carboxylic groups symmetrical
stretching at 1423 (CA) and 1411 (CMC) cm-1 and C-O-C stretching at 1052 (CA) and 1061
(CMC) cm-1 [28,29]. The FT-IR spectrum of the Ni0.2Zn0.2Fe2.6O4 in Fig. 3C shows a broad
absorption band with a value of 3424 cm-1 and less intensive band at 1633 cm-1 related to the OH groups stretching vibration [30]. The bands at 2925 and 2853 cm-1 respectively correspond to
the anti-symmetric and symmetric C-H vibrations of CTAB [31]. The band at 567 cm-1 relates to

8
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the inherent metal stretching vibrations at the tetrahedral site (Fe-O), and the value of 478 cm-1 is
related to the octahedral metal (M-O) stretching [30]. The comparison of the spectrum in Fig. 3D
with other spectra expresses the successful synthesis of the CA/CMC/Ni0.2Zn0.2Fe2.6O4.
EDX was recorded to analyze the elements of the products (Fig. 4). Fig. 4A shows Ni,
Zn, Fe, and O peaks that confirm the formation of the Ni0.2Zn0.2Fe2.6O4. The elemental analysis
of the nanocomposite in Fig. 4B represents similar peaks available in Fig. 4A along with the new

of

peaks for N and Ca because of combining the nanoparticles with CA and CMC. Sodium peak is

ro

not seen in the spectrum of the CA/CMC/Ni0.2Zn0.2Fe2.6O4, suggesting that sodium ions were

-p

released completely from the matrix of sodium alginate into the solution during the crosslinking
reaction process of sodium alginate with calcium.

re

The CA/CMC/Ni0.2Zn0.2Fe2.6O4 weight loss curve recorded in the range of RT to 1000 ◦C is

lP

demonstrated in Fig. 5A. As it is seen, there are three different weight-loss steps in the TGA

na

curve of the CA/CMC/Ni0.2Zn0.2Fe2.6O4. Obviously, the first step (around 190 ◦C) with a weight
loss of 8.77 % can be attributed to trapped and physisorbed water evaporation. The second step

ur

between around 190 and 550 ◦C is the largest weight loss with the amount of 35.08 % that could

Jo

be due to the sorption and degradation of CA and CMC. The last step with 22.95 % weight loss
at a temperature beyond 550 ◦C could be related to the further decomposition of CA and CMC
and their conversion to CO2 and H2O. At the end of the process, the residue percentage is about
33.2 % that is principally assigned to the presence of the Ni0.2Zn0.2Fe2.6O4.
An important issue related to the magnetic bionanocomposite is that it should possess
sufficient magnetic properties for its practical application. According to the magnetic hysteresis
loops in Fig. 5B, the saturation magnetization value for Ni0.2Zn0.2Fe2.6O4 is about 45.87 emu/g
that indicates superparamagnetic behavior of the synthesized product. It is obvious from Fig. 5C

9
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that the process of the synthesis of the CA/CMC/Ni0.2Zn0.2Fe2.6O4 results in a decrease of
saturation magnetization to the value of 14.14 emu/g. This decline is due to the combination of
the magnetic nanoparticles with CA and CMC. Despite this difference, the ions-loaded
CA/CMC/Ni0.2Zn0.2Fe2.6O4 could be easily separated by applying an external magnetic field from
aqueous solution to avoid secondary pollution as indicated in Fig. 5D.
3.2. pH effect

of

pH of the solution as a key parameter of the adsorption process affects solution chemistry, metal

ro

speciation, adsorption capacity, the activity of adsorbent functional groups, and mechanism of

-p

adsorption. It is associated directly with H+ competition with ions for the occupation of the

re

surface active sites of the adsorbent. Adsorption efficiency values of Nd+3, Tb+3, and Dy+3 onto
the CA/CMC/Ni0.2Zn0.2Fe2.6O4 as a pH function are demonstrated in Fig. 6A. Electrostatic

lP

interaction could have a key role on Nd+3, Tb+3, and Dy+3 adsorption onto the

na

CA/CMC/Ni0.2Zn0.2Fe2.6O4 at different pH values. It can be interpreted that at lower pH values,
the adsorption efficiency of the adsorbent is low and increase with increasing solution pH. At

ur

pH=1.5 that is highly acidic, the protonation of the adsorbent functional groups blocks the metal

Jo

ions approach to the binding sites of the adsorbent. The metal ions and H+ ions compete for the
same binding sites of the adsorbent, leading to decrease in adsorption efficiency [32]. At pH=1.5,
adsorption efficiency value is zero for all ions. When pH values are adjusted between 2.5 and
5.5, adsorption efficiency for Nd+3, Tb+3, and Dy+3 onto the CA/CMC/Ni0.2Zn0.2Fe2.6O4 increases
with pH increase owing to the reduction in competition between H+ ions and metal ions. The
maximum adsorption efficiency for all metal ions occurs at pH=5.5. pH increase beyond 5.5 was
not investigated to prohibit the precipitation of the ions in the form of hydroxide. Further
experiments were carried out at pH=5.5 as optimum pH.

10
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3.3. Contact time effect
It is essential to consider the adsorption rate in designing the batch experiments. The influence of
contact time on Nd+3, Tb+3, and Dy+3 adsorption onto the CA/CMC/Ni0.2Zn0.2Fe2.6O4
bionanocomposite is shown in Fig. 6B. As can be observed, adsorption efficiency of the
adsorbent increases rapidly during the first period and then increases slowly until reaching
equilibrium state. The experimental outcomes indicate that Nd+3, Tb+3, and Dy+3 adsorption can

of

be split into two definite parts: an extremely rapid initial adsorption occurs in the first 10 min,

ro

and then much slower adsorption is seen for higher contact time. In general, approximately 80 %

-p

of the metal ions contact quickly in the first 10 min because of the presence of largely accessible

re

active sites of the adsorbent and then slowly increase owing to a gradual decrease in the active
sites and weakness of the driving force and finally adsorption reaches equilibrium [33]. The

lP

contact time of 40 min was taken as an optimum time for adsorption of Nd+3, Tb+3, and Dy+3.

na

3.4. Adsorbent dosage effect

The adsorbent dosage is considered as an important factor that affects the adsorption process and

ur

determines adsorbent capacity by the quantity of binding sites accessible for the adsorption of a

Jo

specified initial concentration. Fig. 6C depicts the dependency of Nd+3, Tb+3, and Dy+3
adsorption efficiency to the adsorbent dosage. It expresses that Nd+3, Tb+3, and Dy+3 adsorption
efficiency onto the adsorbent increase steeply (53.08–95.29, 51.4-94.43, and 59.04-96.1 %,
respectively) by increasing adsorbent dosage in the range of 0.01 to 0.03 g. Although increasing
the adsorbent dosage indicates an increase in number of binding sites available for ions
adsorption, adsorption efficiency for all ions remains unchanged at a dosage higher than 0.04g
since the adsorption reaches equilibrium. Therefore, the optimum dosage of 0.04 g in 50 mL
solution (0.8g/L) was used for studying other adsorption parameters.

11
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3.5. Initial concentration effect
Fig. 6D shows the adsorption efficiency values of the CA/CMC/Ni0.2Zn0.2Fe2.6O4 at different
metal ions concentrations of 30 to 300 mg/L. It is demonstrated that the adsorption efficiency
decreases by increasing the initial concentration because a given amount of the adsorbent has
constant binding sites that are not enough at higher concentration to adsorb the ions, while
calculating the capacity of the adsorbent showed that it respectively increased from 36.49 to

of

74.4, 36.31 to 103.23, and 36.68 to 118.17 mg/g for Nd+3, Tb+3, and Dy+3. These results are due

ro

to a larger driving force at higher initial ion concentration that overcomes the whole mass

-p

transfer resistance available between the solid and liquid phases, causing more collisions

re

between Nd+3, Tb+3, and Dy+3 and the active sites of the CA/CMC/Ni0.2Zn0.2Fe2.6O4
bionanocomposite that result in higher adsorption of the ions [34].

lP

3.6. Adsorption kinetics and isotherms

na

Adsorption efficiency can be evaluated by adsorption kinetics as a key characteristic of
adsorption process. Three kinetic methods namely pseudo-first-order (PFO), PSO, and intra-

ur

particle diffusion (IPD) were employed to fit the experimental data for the prediction of the

Jo

kinetic parameters as following:

The PFO equation is written as follows [35]:
qt = qe (1 − exp−K1t )

(5)

Where K1 shows the PFO rate constant (1/min).
The PSO kinetic equation [36] is presented as follows:
qt = K2qe2t/1 + K2qet

(6)

Where K2 (g/mg min) shows PSO rate constant.

12
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The initial adsorption rate (h) can be computed using the values of K2 and qe by the following
equation:
h = K2qe2

(7)

The IPD equation [37] is written as follows:
qt = Kit0.5 + C

(8)

Where Ki (1/min) refers to IPD rate constant, and C provides data about the boundary layer

of

thickness: the greater value of C corresponds to the boundary layer diffusion influence.

ro

For understanding the mechanism of the adsorption process, adsorption isotherms are

-p

applied. Langmuir and Freundlich isotherms were chosen as two important isotherm models in

re

this study. Regarding Langmuir adsorption isotherm, monolayer adsorption occurs within the

using the following equation [38]:
b qm Ce
(1+bCe)

(9)

na

qe =

lP

adsorbent at specific homogeneous sites. The nonlinear form of Langmuir isotherm is expressed

ur

Where qe and qm (mg/g) respectively show the equilibrium capacity of adsorption and the
maximum adsorption capacity. Ce (mg/L) is ion equilibrium concentration, and b (L/mg) shows

Jo

the constant of Langmuir model.

The main characteristic of Langmuir model is indicated by ‘RL’, which is a dimensionless
constant that is generally known as separation factor or equilibrium parameter. It is indicated by
the bellowing equation:
1

RL= 1+𝑏𝐶

(10)

𝑖

Where Ci (mg/L) shows the greatest initial metal concentration.
Freundlich isotherm is performed to explain heterogeneous systems. The nonlinear form of
Freundlich isotherm is presented as follows [39]:
13
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qe = K Ce1/n

(11)

Where K (mg1-1/n L1/n/g) refers to the constant of Freundlich isotherm, and n shows adsorption
intensity. A value of n > 1 expresses that adsorption is desirable.
Fitting the experimental data with the kinetic and isotherm models was optimized by error
analysis. In this study, Chi-square (χ2) was used to compare the validity of each model by the
following equation:
(12)

of

(𝑞𝑒,𝑒𝑥𝑝 −𝑞𝑒,𝑐𝑎𝑙 )2
𝑞𝑒,𝑐𝑎𝑙

ro

χ2 = ∑𝑛𝑖=1

Where qe,exp and qe,cal respectively refer to the experimental and computed adsorbent capacities,

-p

and n shows data point numbers.

re

Table 1 indicates essential parameters computed from the kinetic models. The theoretical

lP

values of qe obtained from PFO kinetic model in Nd+3, Tb+3, and Dy+3 adsorption are not in
agreement with the experimental values, while the experimental values of qe (qe,exp) are close to

na

theoretical qe (qe,cal) values calculated by PSO model. The coefficient of determination values

ur

obtained by fitting the data with PFO model are lower than those of PSO model. Consequently,
PSO model can be chosen to fit the data more efficiently compared to PFO model. According to

Jo

IPD model, involving IPD in adsorption process creates a linear plot of uptake, qt versus t0.5.
Furthermore, the rate controlling step is shown by IPD model if the lines pass through the origin.
The values of R2 show that IPD model is not appropriate for explaining the adsorption kinetic.
The values of R2 and error analyses obtained by PSO kinetic model are respectively the highest
and

lowest

values.

Therefore,

Nd+3,

Tb+3,

and

Dy+3

adsorption

onto

the

CA/CMC/Ni0.2Zn0.2Fe2.6O4 are well described by PSO model. The results express that the ratelimiting step in Nd+3, Tb+3, and Dy+3 adsorption is chemisorption that involves valence forces by
exchanging or sharing electrons between the adsorbent and the ions. The K2 value from the PSO
14
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model for Dy+3 is greater than the values obtained for Nd+3 and Tb+3 ions, suggesting that Dy+3
adsorption onto the adsorbent is faster than those of Nd+3 and Tb+3 ions. From the results of
isotherm

fitting

shown

in

Table

2,

Tb+3

Dy+3

and

adsorption

data

for

the

CA/CMC/Ni0.2Zn0.2Fe2.6O4 were fitted well with Freundlich isotherm model with the R2 values of
0.9905 and 0.9751, respectively, suggesting the adsorption of the ions on heterogeneous sites. In
the case of Nd+3, the data of adsorption were efficiently fitted with Langmuir isotherm with the

of

R2 value of 0.9703, suggesting that the Langmuir surface adsorption mechanism controls the

ro

adsorption of Nd+3 onto the CA/CMC/Ni0.2Zn0.2Fe2.6O4. Therefore, it can be mentioned that the

-p

number of adsorption sites of the adsorbent is limited that leads to the monolayer adsorption of

re

Nd+3, and no further adsorption occurs when covering the active sites with the ions takes place.
RL exhibits favorable isotherm if 0 < RL < 1, unfavorable if RL > 1, irreversible if RL = 0 or

lP

linear if RL = 1 [40]. RL value in Table 2 is between 0 and 1 for Nd+3, Tb+3, and Dy+3 adsorption

na

onto the CA/CMC/Ni0.2Zn0.2Fe2.6O4, indicating that the adsorption process is favorable. The
values of n for adsorption of the ions are higher than 1, representing a favorable adsorption

ur

condition. A comparison of the adsorption capacity of different adsorbents is represented in

Jo

Table 3.
3.7. Ionic strength effect

It has been confirmed that salts presence in the solution can affect adsorption efficiency. The
adsorption efficiency of Nd+3, Tb+3, and Dy+3 was studied in the existence of NaNO3 in the range
of 0.02 to 0.1 M at the constant concentration of the ions (30 mg/L). The obtained results are
indicated in Fig. 7A. The adsorption efficiency of the adsorbent decreases for Nd+3, Tb+3, and
Dy+3 from 97.75 to 85.7, 96.83 to 84.73, and 97.85 to 93.5 %, respectively, that shows the ionic
strength slightly affects on the adsorption of Dy+3 in comparison with the decrease obtained for
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Nd+3 and Tb+3. The decrease in the adsorption efficiency could be associated with Na+ ions
competition with the metal ions for the CA/CMC/Ni0.2Zn0.2Fe2.6O4 active adsorption sites [64].
Enhancing Na+ ion concentration may also lead to a reduction in the activity coefficient of the
metal ions that cause the limitation of the ions transfer to the adsorbent surface [65].
3.8. Temperature effect
The temperature influence on the adsorption efficiency of Nd+3, Tb+3, and Dy+3 onto the

of

CA/CMC/Ni0.2Zn0.2Fe2.6O4 bionanocomposite was studied by performing the experiments at

ro

various temperatures (25, 35, and 45 °C), and the results are demonstrated in Table 4. As can be

-p

observed, the adsorption efficiency increases for all metal ions with temperature increase that

re

may be owing to the increase in metal ions mobility and their tendency to be adsorbed onto the
adsorbent surface, and due to higher activity of the binding sites with an increase in temperature

lP

as well.

na

3.9. Thermodynamic parameters evaluation

The ΔH° and ΔS° thermodynamic parameters were computed as follows [66]:
ΔS°
𝑅

−

ΔH°
𝑅𝑇

(13)

ur

Ln Kd =

Jo

Where R shows the gas constant (8.314 J/mol K), and T refers to the temperature (K). The
intercept and slope of the curves of Ln Kd versus 1/T are used to calculate the values of ΔS° and
ΔH°, respectively (Fig. 7B).
Kd demonstrates the distribution coefficient that was obtained by the following equation [67]:
Kd =

𝑞𝑒

(14)

𝐶𝑒

The ∆G◦ quantities were also computed at different temperatures utilizing the bellowing equation
[68]:
∆G◦ = - RT Ln Kd

(15)
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The obtained thermodynamic parameters at different temperatures in Table 4 indicate that
Nd+3, Tb+3, and Dy+3 adsorption onto the CA/CMC/Ni0.2Zn0.2Fe2.6O4 is naturally feasible and
spontaneous due the negative quantities of Gibbs free energy changes. In addition, by increasing
temperature from 25 °C to 35 and 45 °C, the value of Gibbs free energy change for Nd+3, Tb+3,
and Dy+3 adsorption onto the adsorbent becomes more negative, indicating more feasibility of
the adsorption of the metal ions onto the adsorbent at higher temperature [67]. The ΔH° positive

of

values suggest the endothermic adsorption process of Nd+3, Tb+3, and Dy+3 onto the adsorbent

ro

[66]. Furthermore, the ΔS° positive values indicate that the randomness and disorder at the solid-

-p

solution interface increases during the adsorption of the ions [68].

re

3.10. Reusability studies

The results of the ions adsorption efficiency of the adsorbent regarding the cycle number by 0.04

lP

g of the adsorbent are displayed in Fig. 7C. As can be seen, the highest adsorption efficiency of

na

Nd+3, Tb+3, and Dy+3 adsorption is related to the first cycle because the number of fresh active
sites existing on the adsorbent surface for Nd+3, Tb+3, and Dy+3 adsorption is abundant; therefore,

ur

adsorption occurs through the stronger bonds. It is seen that the first cycle respectively results in

Jo

adsorption efficiencies of 96.72, 96.32, and 97.12 % for Nd+3, Tb+3, and Dy+3 by the
CA/CMC/Ni0.2Zn0.2Fe2.6O4. The adsorption efficiency for the metal ions is found to be decreased
during the four adsorption-desorption cycles; nevertheless, the reduction is not so significant.
The obtained results at the end of the fourth cycle signify that the adsorption efficiency of the
CA/CMC/Ni0.2Zn0.2Fe2.6O4 remains more than 95, 94, and 95 % for Nd+3, Tb+3, and Dy+3,
respectively, and the slight decrease in adsorption efficiency could be related to the fact that
Nd+3, Tb+3, and Dy+3 are not released from adsorption sites during the cycles, leading to the
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inactivation of a portion of the surface sites. The obtained results suggest the
CA/CMC/Ni0.2Zn0.2Fe2.6O4 as a recyclable adsorbent for Nd+3, Tb+3, and Dy+3 adsorption.
3.11. Competitive adsorption
To evaluate competitive adsorption of Nd+3, Tb+3, and Dy+3 in the ternary system of 30 mg/L
(1:1:1), 0.04 g of the CA/CMC/Ni0.2Zn0.2Fe2.6O4 (the same as a single system) was used.
According to the value of qmix/q0, three kinds of influences including antagonism, synergism, and

of

non-interaction can occur in a multicomponent system as following:

ro

 Antagonism (qmix/q0 < 1): the influence of component mixture in solution is lower than its

-p

influence in single mode.

re

 Synergism (qmix/q0 > 1): the influence of component mixture in solution is higher than its
influence in single mode.

lP

 Non-interaction (qmix/q0 = 1): the influence of the component mixture in solution is neither

na

less nor more compared with its influence in single mode.

respectively.

ur

Where qmix and q0 are the adsorption capacities of each ion in the mixture and single systems,

Jo

The value of qmix/q0 for each ion was respectively calculated to be 0.27, 0.5, and 0.52 for
Nd+3, Tb+3 and Dy+3. The obtained results state that the qmix/q0 value for all ions is less than 1 in
a ternary mixture; therefore, the existence of each ion shows an antagonism influence on the
adsorption of other ions in the process. The adsorption efficiency of the adsorbent for Nd+3, Tb+3,
and Dy+3 decreased to 28.25, 48.62, and 50.58 %, respectively. EDX spectrum was also recorded
after the ions adsorption process, and the result is illustrated in Fig. 7D. The existence of Nd+3,
Tb+3, and Dy+3 in the spectrum strongly confirms the successful adsorption of these ions from a
ternary mixture by the CA/CMC/Ni0.2Zn0.2Fe2.6O4.
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4. Conclusion
The goal of this research work was to synthesize the CA/CMC/Ni0.2Zn0.2Fe2.6O4 as a novel
magnetic bionanocomposite adsorbent for adsorption of Nd+3, Tb+3, and Dy+3 from aqueous
media. The adsorbent was characterized by FE-SEM, EDX, XRD, FT-IR, EDX, and VSM
techniques, and the influence of different factors such as pH, contact time, adsorbent dosage,
initial concentration, ionic strength, and temperature was considered by batch adsorption tests.

of

The maximum adsorption capacity of the CA/CMC/Ni0.2Zn0.2Fe2.6O4 for Nd+3 acquired by

ro

Langmuir isotherm model was 73.37 mg/g at pH = 5.5, while Freundlich model fitted the Tb+3

-p

and Dy+3 adsorption data at the same conditions. Kinetic studies indicated that PSO with the

re

highest R2 and lowest error can describe the adsorption mechanism of the metal ions. The results
obtained from affecting NaNO3 as ionic strength showed a slight reduction in the values of

lP

adsorption efficiency. The values of the parameters of thermodynamic (ΔG°, ΔS°, and ΔH°)

na

demonstrated that the metal ions adsorption was endothermic and spontaneous in nature. 0.2 M
HNO3 easily desorbed the ions, and the adsorbent was utilized four times with the adsorption

ur

efficiency values of more than 95, 94, and 95 % for Nd+3, Tb+3, and Dy+3, respectively, at the end

Jo

of the fourth cycle. The results of this study showed the CA/CMC/Ni0.2Zn0.2Fe2.6O4 as a
promising novel adsorbent for Nd+3, Tb+3, and Dy+3 adsorption.
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Fig. 1. (A) XRD pattern of Ni0.2Zn0.2Fe2.6O4 nanopartciles; Photo of Ni0.2Zn0.2Fe2.6O4

Jo

ur

nanoparticles (B) before drying and (C) in the solution under magnetic field after drying.
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Fig. 2. FE-SEM images of (A) Ni0.2Zn0.2Fe2.6O4 and (B) CA/CMC/Ni0.2Zn0.2Fe2.6O4.
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Jo

Fig. 3. FT-IR spectra of (A) CA, (B) CMC, (C) Ni0.2Zn0.2Fe2.6O4, and (D)
CA/CMC/Ni0.2Zn0.2Fe2.6O4.
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Fig. 4. EDX spectra of (A) Ni0.2Zn0.2Fe2.6O4 and (B) CA/CMC/Ni0.2Zn0.2Fe2.6O4.
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Fig. 5. (A) TGA curve of CA/CMC/Ni0.2Zn0.2Fe2.6O4; Magnetization curves of (B)
Ni0.2Zn0.2Fe2.6O4 and (C) CA/CMC/Ni0.2Zn0.2Fe2.6O4; (D) Magnetic separation of the ions-loaded
adsorbent.
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Fig. 6. Effects of (A) pH, (B) contact time, (C) adsorbent dosage, and (D) initial concentration
on the adsorption of the ions.
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ur

Fig. 7. (A) Effect of ionic strength on the adsorption of Nd+3, Tb+3, and Dy+3, (B) Ln Kd versus

Jo

1/T for calculation of enthalpy and entropy changes, (C) Reusability of
CA/CMC/Ni0.2Zn0.2Fe2.6O4 for adsorption of the ions, and (D) EDX spectrum of
CA/CMC/Ni0.2Zn0.2Fe2.6O4 after adsorption of the ions.
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Table 1. Kinetic constants
CA/CMC/Ni0.2Zn0.2Fe2.6O4.

Nd+3,

Tb+3,

and

Dy+3

by the

Nd+3

Tb+3

Dy+3

0.279
45.91
0.8506
7.91
0.00967
48.95
23.17
0.9831
0.89
11.33
0.9063
4.96

0.271
46.05
0.8712
7.29
0.00916
49.21
22.18
0.9893
0.60
11.73
0.9091
5.14

0.269
46.54
0.9099
5.34
0.00899
49.72
22.22
0.9956
0.26
11.76
0.8723
7.57

lP

re

-p

IPD

K1 (1/min)
qe (mg/g)
R2
χ2
K2 (g/mg min)
qe (mg/g)
h (mg/g min)
R2
χ2
Ki (1/min)
R2
χ2

of

of

PSO

adsorption

ro

PFO

for
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Table 2. Isotherm constants for adsorption of Nd+3, Tb+3, and Dy+3 by the
CA/CMC/Ni0.2Zn0.2Fe2.6O4.
Nd+3
Tb+3
Dy+3
b (L/mg)
1.075
0.8
0.546
Langmuir
qm (mg/g)
73.37
88.61
100.20
RL
0.003
0.004
0.006
2
R
0.9703
0.7163
0.8212
χ2
6.04
157.16
144.07
1-1/n 1/n
K (mg
L /g)
46.80
46.31
46.65
Freundlich
n
10.31
6.83
5.93
R2
0.8364
0.9905
0.9751
χ2
33.32
5.23
20
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Table 3. Comparison of the adsorption capacity of Nd+3, Tb+3, and Dy+3 onto various adsorbents.
qm (mg/g)
Adsorbent

Nd+3

Fe3O4-C18-chitosan-DETA

27.1

EDTA functionalized chitosan

74

Phosphonic acid functionalized silica

45

Dy+3
28.3

of
ro

73

70.9

1.25H2O (FJSM-SnS)

na

Oxidized multi-walled carbon

126

[47]

lP

A layered thiostannate,
(Me2NH2)1.33(Me3NH)0.67Sn3S7・

[46]

re

MIL-101-PMIDA

[44]
[45]

-p

Cellulose functionalized with thiourea

[41]

[43]
23.2

γ-Fe2O3-NH4OH@SiO2 (APTMS)

Reference

[42]

microspheres

nanotubes

Tb+3

78.12

126.5

ur

Lanthanide-ion imprinted polymers

[49]
24.93

Jo

Macroporous polymeric resin (TVEX-

[48]

PHOR)

[50]

TA-MWCNTs

8.55

[51]

PAAm–YZ

42.9

[52]

Poly(acrylamide-expanded perlite)

118.3

[P(AAm-EP)]
P(HEMA–Hap)

109.66

Poly(amidoxime-hydroxamic acid)

125

resins

40

[53]
[54]
[55]
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CaHAP/NF

130.43

[56]

Acryloyl–phenyl thiourea

74.23

[57]

Hybrid Lewis base ligands

125.4

[58]

functionalized alumina-silica
41

CA@Fe3O4 NPs

[59]

11-Molybdo-vanadophosphoric acid

50

supported on Zr modified mesoporous

[60]

of

silica SBA-15

ro

MPS (22 nm)-2NH-2COOH

-p

o-CNCs/GO-IIPs
Imprinted mesoporous silica materials

re

73.37

Calculated from Freundlich isotherm

48.14

[62]

22.33

[63]

114.74a

This study

Jo

ur

na

a

101.61a

[61]

lP

CA/CMC/Ni0.2Zn0.2Fe2.6O4

44.8

Table 4. Effect of temperature on the adsorption of Nd+3, Tb+3, and Dy+3 at 90 mg/L and
thermodynamic parameters.
Adsorption efficiency (%)
Temperature (ºC)

Nd+3

Tb+3

Dy+3

25

61.72

68.51

71.95

35

65.95

74.61

77.31

45

71.81

80.59

83.84

Thermodynamic parameters
41

Journal Pre-proof
Nd+3

Tb+3

Dy+3

ΔHº (kJ/mol)

19.00

26.86

29.27

ΔSº (kJ/mol K)

0.068

0.097

0.106

25

-1.737

-2.478

-2.887

35

-2.263

-3.331

-3.71

45

-3.062

-4.353

-4.943

ro
-p
re
lP
na
ur
Jo

ΔGº (kJ/mol)
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Temperature (ºC)
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Higlights
The magnetic calcium alginate/carboxymethyl chitosan bionanocomposite was prepared.



The saturation magnetization of the product was 14.14 emu/g.



Nd (III), Tb (III), and Dy (III) adsorption was investigated.



The adsorption kinetic data were fitted with pseudo-second-order model.
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